i 



WIDE -BAND ARRAY ANTENNA 



BACKGROUND OF THE INVENTION 
5 1 . Field of the Invention 

The present invention relates to a wide -band 
array antenna, particularly relates to a wide-band array 
antenna for improving the performance of a mobile 
f% communication system employing the wide-band code 

10 in division multiple access (WCDMA) transmission scheme. 

s 

(fl 2 . Description of the Related Art 

4 

Si Smart antenna techniques at the base station of 

P a mobile communication system can dramatically improve 

ru 

Ul the performance of the system by employing spatial 

15 f|i filtering in a WCDMA system. Wide-band beam forming with 

relatively low fractional band-width should be engaged in 

these systems. 

The current trend of data transmission in 

commercial wireless communication systems facilitates the 
20 implementation of smart antenna techniques. Major 

approaches for the designs of smart antenna include 

adaptive null steering, phased array and switched beams. 

The realization of the first two systems for wide-band 

applications, such as WCDMA requires a strong 
25 implementation cost and complexity . On each branch of a 



2 



wide-band array, a finite impulse response (FIR) or an 
infinite impulse response (IIR) filter allows each 
element to have a phase response that varies with 
frequency. This compensates from the fact that lower 
frequency signal components have less phase shift for a 
given propagation distance, whereas higher frequency 
signal components have greater phase shift as they travel 
the same length . 

C3 Different wide-band beam forming networks have 

W been already proposed in literature. The conventional, 

ill structure of a wide-band beam former, that is, several 

^ antenna elements each connected to a digital filter for 

e 

time processing, has been employed in all these schemes. 

Conventional wide-band arrays suffer from the 
r implementation of tapped-delay-line temporal processors 

in the beam forming networks . In some proposed wide-band 
array antennas, the number of taps is sometime very high 
which complicates the time processing considerably. In a 
recently proposed wide-band beam former, the resolution 
of the beam pattern at end-fire of the array is improved 
by rectangular arrangement of a linear array, but the 
design method requires many antenna elements which can 
only be implemented if micro-strip technology is employed 
for fabrication. 
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SUMMARY OF THE INVENTION 

An object of the present invention is to provide a 
wide-band array antenna for sending or receiving the 
radio frequency signals of a mobile communication system, 
which has a simple construction and has a bandwidth 
compatible with future WCDMA applications . 

To achieve the above object, according to a first 
aspect of the present invention, there is provided a 
wide-band array antenna comprising N x m antenna 
elements, and multipliers connected to each said antenna 
element, each having a real-valued coefficient, wherein 
assuming that said elements are placed at distances of d x 
and d 2 in directions of N and M, respectively, the 
coefficient of each said multiplier is C nm , and by 
defining two variables as v^diSinS/c, and u=ud 2 cosG/c , 
the response of said array antenna can be given as 
follows : 

N M 

H(u,v) = J2J2 C nm e iin - 1)v e- j l m -V u < 5 > 

n=l m=l 

by appropriately selecting points (u 01 , v 01 ) on the u-v 
plane according to a predetermined angle of beam pattern 
and the center frequency of a predetermined frequency 
band, the elements b x of an auxiliary vector B = [b 1 , b 2 , 
. . . , b L ] (L « N x M) can be calculated and the 
coefficient C nm of each said multiplier corresponding to 



each antenna element can be calculated according to 

L 

C nm = G^bie-^-^ie^-^i (17> 
1=1 

In the wide-band array antenna of the present 
invention, preferably said each antenna element has a 
frequency dependent gain which is the same for all 
elements . 

In the wide-band array antenna of the present 
invention, preferably the gain of the antenna element has 
a predetermined value at a predetermined frequency band 
including the center frequency and at a predetermined 
angle . 

Preferably, the wide-band array antenna of the 
present invention further comprises an adder for adding 
the output signals from said multipliers . 

In the wide-band array antenna of the present 
invention, preferably a signal to be sent is input to 
said multipliers and the output signal of each said 
multiplier is applied to the corresponding antenna 
element. 

In the wide-band array antenna of the present 
invention, preferably said selected points (u 01 , v 01 ) on 
the u-v plane for computing the elements of said 
auxiliary vector B are symmetrically distributed on the 
u-v plane. 



BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects and features of the present 
invention will become clearer from the following 
description of the preferred embodiments given with 
reference to the accompanying drawings , in which : 

Fig. 1 is diagram showing a simplified structure of 
an embodiment of the wide-band array antenna according to 
the present invention; 

Fig. 2 shows a 2D u-v plane defined for 
simplification of the design of the beam forming network; 

Fig. 3 is a diagram showing the loci of constant 
angle 0 on the u-v plane; 

Fig. 4 is a diagram showing the loci of constant 
angular frequency co on the u-v plane; 

Fig . 5 is a diagram showing the desirable points on 
the u-v plane for designing the wide-band array antenna; 

Fig. 6 is a diagram showing the configuration of the 
wide-band array antenna used for receiving signals; 

Fig. 7 is diagram showing the configuration of the 
wide-band array antenna used for sending signals; 

Fig. 8 is a diagram showing a two dimensional 
frequency response H(u,v) calculated according to the 
designed coefficients; and 

Fig. 9 is a diagram showing plural directional beam 
patterns on an angular range including the assumed beam 
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forming angle for different frequencies. 



DESCRIPTION OF THE PREFERRED EMBODIMENTS 
Below, preferred embodiments will be described with 
reference to the accompanying drawings . 

Figure 1 shows a simplified structure of a wide-band 
array antenna according to an embodiment of the present 
invention. As illustrated, the wide-band array antenna of 

* : the present embodiment is constituted by N x M antenna 

M 

=t elements E(l,l),..., E(1,M),..., E(N,1),..., E(N,M). 

W;j Here, it is supposed that each antenna element has a 

■ :| frequency dependant gain which is the same for all 

pit elements. The direction of the arriving signal is 

[5 determined by the azimuth angle 6 and the elevation angle 

fH 

jii P- As in most practical cases, it is assumed that the 

elevation angles of the incoming signals to the base 
station antenna array are almost constant. Here, without 
loss of generality, the elevation angle p is considered 
as p = 90 degrees . The inter-element spacing for the 
directions of N and M are ^ and d 2 , respectively . 

To consider the phase of the arriving signal at the 
element E(n,m), the element E{1,1) is considered to be 
the phase reference point and the phase of the receiving 
signal at the reference point is therefore 0. With this 
assumption, the phase of the signal at the element E(n,m) 



is given by the following equation. 

$(n,m) = ^(c?i(n - l)sin0- d 2 (m - 1) cos 0) 



(1) 



where l^n<N, l^m<M. In equation (1), 6 is considered 
as the angle of the arrival (AOA) , co=2nf is the angular 
frequency and c is the propagation speed of the signal . 

Note that if the elevation angle p was constant but 
not necessarily near 90 degrees, then it is necessary to 
modify d x and d 2 to new constant values of d 1 sin9 and 
d 2 sin<p, respectively, which are in fact the effective 
array inter-element distances in an environment with 
almost fixed elevation angles. 

In the array antenna of the present embodiment, 
unlike conventional wide-band array antennas , it is 
assumed that each antenna element is connected to a 
multiplier with only one single real coefficient C nm . 
Hence, the response of the array with respect to 

frequency and angle can be written as follows : 

N M 

n=l m=l 

= G a (to)H{co,e) 

In equation (2) , G a (u) represents the frequency- 
dependent gain of the antenna elements . Here , for 
simplicity, two new variables v and u are defined as 
follows . 



V — 



(3) 



tod 2 



Applying equation (3) and (4) in equation (2) gives 

the following equation. 

N M 

n=l m=l 

With a minor difference, equation (5) represents a 
two dimensional frequency response in the u-v plane. The 
coordinates u and v, as illustrated in figure 2, are 
limited to a range from -n to +n, because for example the 
variable u can be written as 

\u\ = l^cosfll < ^ < = < n <6) 

I c I c c 2 c 2/ max - 

Note that for a well-correlated array antenna 
system, it is required that d x , d 2 < A min /2 = l/2f max , 
where X m±n and f max are the minimum wavelength and the 
corresponding maximum frequency, respectively. Equation 
(6) is valid for v as well. 

According to equations (3) and (4) , it can be 
written that 

v d U a f a (7) 
— = — tan 0 = tan tp 
u d 2 



In the special case of d x = d 2 , 9 and cp are equal , 
otherwise, cp can be given by the following equation. 



Furthermore, the following equation can be given as 



Equation (9) demonstrates an ellipse with the center 
at u = v = 0 on the u-v plane. In the special case of ^ 
= d 2 = d, the equation (9) can be rewritten as following 



Equation (10) demonstrates circles with radius cod/c. 

Equations (8) and (9) represent the loci of constant 
angle and constant frequency in the u-v plane, 
respectively . 

Figures 3 and 4 are diagrams showing the two loci of 
constant angle 9 and constant angular frequency u 
according to equations (8) and (9) . Plotting the two loci 
in Fig. 3 and Fig. 4 , is helpful for determination of the 
angle and frequency characteristics of the wide-band beam 
forming in the array antenna of the present embodiment. 

Here, assume that an array antenna system is to be 
designed with 9=9 0 , and the center frequency is u = to 0 . A 
demonstrative plot, showing the location of the desired 



4> = tan" 1 {-j- tan 9) 



(8) 




(9) 



(10) 
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points on the u-v plane is given in Figure 5. This 
location is limited by cp 0 = tan" 1 (d t tan 9 0 /d 2 ) and r x < r < 
r h , where r x and r h can be given as follows , 
respectively . 

r, = ~d , ,r h =^d and d = yj d\ sin 2 d Q + d\ cos 2 & 0 < 1 1 > 

The symmetry of the loci with respect to the origin 
of the u-v plane results real values of the coefficients 
c nm for the multipliers of each antenna element. In the 
ideal wide-band system, the ideal values of the function 
H(u,v) can be assigned as follows. 



= tan- 1 (|-tan(?o) , r, < \r\ < r h (12) 



otherwise 



For example, if the elements have band pass 
characteristics G a (<a) in the frequency interval of o L < 
co< co h , then G a _1 (oo) will have an inverse 

characteristics, that is, band attenuation in the same 
frequency band. This simple modification in the gain 
values of the u-v plane makes it possible to compensate 
to the undesired features of the antenna elements . 

It is clear that the ideal case is not implement able 
with practical algorithms. So in the array antenna system 
of the present embodiment, a method for determination of 
the coefficients C nm is considered. Below, an explanation 
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of the method for determination of the coefficients C nm 

for multipliers connected to the antenna elements will be 

given in detail . 

For the design of the multipliers, instead of 

controlling all points of the u-v plane, which is very 
difficult to do, L points on this plane are considered. 
These L points are symmetrically distributed on the u-v 
plane and do not include the origin, thus L considered an 
even integer. Two vectors are defined as follows. 

B = [h,bi,...,b L ] T (13) 
H 0 = [H{u 0l ,v Ol ),H{u 02 ,v 02 ),..., H{u 0l ,v 0l )} T (14) 

In equations (13) and (14) , the superscript T stands 
for transpose. The elements of the vector H 0 have the 
same values for any two pairs (u 01 , v 01 ), where 1=1, 
2, . . . , L, which are symmetrical with respect to the 
origin of the u-v plane. In addition, they consider the 
frequency-dependence of the elements in a way like 
equation (12) . The vector B is an auxiliary vector and 
will be computed in the design procedure. 

Here, assume that H(u,v) is expressed by the 
multiplication of two basic polynomials and then the 
summation of the weighted result as follows : 

'=1 ".= 1 m=l ' 
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In fact with this form of H(u,v) , the problem of 
direct computation of N x M coefficients C nitl from a 
complicated system of N x M equations is simplified to a 
new problem of solving only L equations , because normally 
L is select as L « N x M. The final task of the beam 
forming scheme in the present embodiment is to find the 
coefficients C nm for each multiplier from b x . 

By rearranging equation (14) , the relationship 
between b-L and the coefficient C nm can be given as 
follows : 

N M L 

H(u,v) = J^J2{J2 bie-^ n - l >°ie j ( m -V u °i } e^" 1 ^ e -'(— ^ (16) 

n=l m=rl 1=1 

Comparing with equation (5) , also by using equation 
(2), the coefficient C nm is given as follows: 



(m-l)uo, 



(17) 



That is, after calculation of the vector B, the 
coefficient C nm can be found according to equation (17) . 
It should be noted that G a _1 is a function of frequency, 
and hence, varies with the values of u 01 and v 01 . The 
computation of the vector B is not difficult from 
equation (15) . With the definition of an L x l matrix A 
with the elements {a kl }, l^k, l^L as follows: 

N M 

a kl = ^eJ'(»-i)0**-«*i) ^ e -j(m-i)(«o fc -« 0l ) (18) 
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From equations (13) , (14) and (15) , the following 
equation can be given . 

H„ = AB < 19 > 

5 Thus, the vector B is obtained as follows: 

B=A- 1 H 0 < 20 > 

It is assumed that the matrix A has a nonzero 
O determinant, so that its inverse exists. Then, the values 

g 

10 Cl of the coefficients C nm are computed from equation (17) 

4= 

and the design is complete. 
' H Figure 6 and figure 7 are diagrams showing the wide- 

jSf; band array antennas of the present embodiment used for 

receiving and sending signals, respectively. As described 

15 tt= above, the array antenna is constituted by N x M antenna 

elements E(l,l),..., E ( 1 , M) , . . . , E (N , 1 ) , . . . , E(N,M). As 
illustrated in Fig. 6, when the array antenna is applied 
for receiving signals , these antenna elements are 
connected to multipliers M(l,l),..., M(1,M),..., M(N,1),. 

20 . . , M(N,M) , respectively. Each antenna element has a 

frequency dependant gain which is the same for all 
elements, and each multiplier M(n,m) (l<n<N, l<m<M) has 
a coefficient C nm of a real value obtained according to 
the design procedure described above. The output signals 

25 of the multipliers are input to the adder, and a sum So 
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of the input signals is output from the adder as the 
receiving signal of the array antenna. 

For each arriving angle of the incoming signals, a 
set of N x M coefficients C nra is calculated previously 
when designing the array antenna, thus by switching the 
coefficient sets for the antenna elements sequentially, 
the signals arriving from all direction around the 
antenna array can be received. That is, the sweeping of 
the direction of the beam pattern can be realized by 
switching the sets of coefficient used for calculation in 
each multiplier but not mechanically turning the array 
antenna round . 

As illustrated in Fig. 7, when the array antenna if 
used for sending the signals, the signal to be sent is 
input to all of the multipliers M(l,l) , . . . , M(1,N) 
and M(N,M) . the signal is multiplied by the coefficient 
c nm a "t each multiplier then sent to each corresponding 
antenna element. The signals radiated from the antenna 
elements interact with each other, producing a sending 
signal that is the sum of the individual signals radiated 
from the antenna elements. Therefore, a desired beam 
pattern for sending signals to a predetermined direction 
can be obtained. 

Bellow, an example of a simple and efficient 4x4 
rectangular array antenna will be presented. First, the 
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procedure of designing of the beam forming, that is, the 
determination of the coefficient of the multiplier 
connected to each antenna element will be described, then 
the characteristics of the array according to the result 
5 of simulation will be shown. 

Here, the angle of the beam former is assumed to be 
9 0 = -40 degrees with the center frequency of co 0 = 
0.7nc/d, where d = d 2 = d 2 . Because of the limitation of 

p the number of the points on the u-v plane in this 

□ 

10 f"] example, it is assumed that G a =1. First, four pairs of 

f 

LI1 critical points (u 01 , v 01 ) are calculated as follows: 

Si p, 

h p 2 

ru 2 

15 1 p < 



(u 0l ,v Ql ) = (u 0 ,v 0 ) (21 > 

(u 02 ,vo 2 ) = (-uo,-v 0 ) < 22) 

(uo 3 ,Vo 3 ) = (v 0 , -Mo) < 23 ^ 

( u o A ,v 0i ) = (-vo,«o) ^ 24) 



In equations (21) to (24) , variables u 0 and v 0 have 
been found from equations (3) and (4), respectively. 
Then, the vector H 0 can be formed as 

H 0 = H 0 = [1,1,0, 0] T (2b) 

Next, the matrix A is constructed using equation 
(18) and the vector B is calculated from equation (2 0) . 
Finally, coefficients C nm for l^m, n^4 are computed from 
equation (17) . Due to the symmetry of the selected points 
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(u 01 , v 01 ) in the u-v plane, the values of coefficients 
C nm are all real. This simplifies the computation in 
practical situations . 

Figure 8 shows the actual two dimensional frequency 
response H(u,v) calculated from equation (5) according to 
the coefficients C nm obtained in the design procedure 
described above. Clearly, there are two peak points sit PI 
and P2 , and two zeros at P3 and P4 , respectively. The 
important result of this pattern is that in a relatively 
large neighborhood of the point corresponding to to = u 0 , 
almost a constant amplitude of the frequency responses is 
obtained. That is, the designed 4x4 rectangular array 
antenna gives a wide-band performance when it is designed 
for the center frequency a 0 of the frequency band. 

Figure 9 demonstrates this fact more clearly. In 
Fig. 8, multiple directional beam patterns at an angular 
range including the assumed beam forming angle 9 0 , that 
is -40 degrees for different frequencies from u ± to co h 
are illustrated. The frequency response according to this 
figure is from oc^ = 0 . 6nc/d to u h = 0.8nc/d, that is, a 
fractional bandwidth of 28.6 percent. Assuming a WCDMA 
system with the carrier frequency of about 2.1 GHz for 
IMT-2 000, that is, a wide-band signal with a center 
frequency of f 0 = 2.1GHz, the inter-element spacing will 
be found as follows : 
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d = 0.7tt-^- = 0.05 m (26) 

27T/o 

In the WCDMA mobile communication system for IMT- 
2 000, the higher and lower frequencies will be f h = 
2.4GHz and f x = 1.8GHz, respectively. This frequency band 
includes all frequencies assignment of the future WCDMA 
mobile communication system. 

According to the present invention, a new array 
antenna with a wide band width can be constituted by a 
rectangular array formed by a plurality of simple antenna 
elements with a simple real-valued multiplier connected 
to each of the antenna element. The coefficient of each 
multiplier can be found according to the design algorithm 
of the beam forming network of the present invention . 

Comparing to the previously proposed wide-band beam 
formers , the wide-band array antenna of the present 
invention employs lower number of antenna elements to 
realize a wide-band array. In the simulation of the wide- 
band beam former as described above, an array with 4x4 
= 16 elements having a frequency independent beam pattern 
in the desired angle is obtained. 

Also, in the wide-band array antenna of the present 
invention, there is no delay element in the filters that 
are connected to each antenna element. Therefore the 
rectangular wide-band array antenna without time 
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processing can be realized. 

In conventional array antennas, since most of the 
coefficients of multipliers connected to the antenna 
elements are complex valued, the signal process in the 
multipliers is complicated due to the calculation with 
the complex coefficients . But according to the wide-band 
array antenna of the present invention, the multiplier 
connected to each antenna element has a single real 
coefficient, so the signal processing is simple and fast, 
also the dynamic range of the coefficients are much lower 
than other time processing based methods . 

Note that the present invention is not limited to 
the above embodiments and includes modifications within 
the scope of the claims . 



